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The long term feasibility of energy production from magnetic fusion reactors will depend in part on plant lifetimes. The structure in closest proximity to the plasma, the first wall/blanket, will see the severest service conditions in terms of radiation damage and thermal cycling. The cost and difficulty of replacing the first wall necessitates that its lifetime be maximized. One of the principal effects of radiation damage on the mechanical properties of metals is a reduction in toughness and an upward shift of the ductile-to-brittle transitio~ temperature (Tb).
Should Tb increase to the point where it reaches the service tempe1~ture, or the minimum temperature during planned or unplanned shutdowns, the component could fail catastrophically. Therefore, to withstand large doses of radiation the first wall material must begin service with maximum toughness.
The alloy investigated in this research. BT-9, was chosen because of its potential applications in Magnetic Fusion Devices as a first wall/blanket alloy (1) . It has been proposed primarily because of its low swelling rate (2) and irradiation creep resistance (3) under neutron irradiation. HT-9 has already been used extensively in European power plants as high temperature piping (4) . Its corrosion resistance and high temperature creep resistance make it perfect for applications requiring moderate stress at elevated service temperatures. It also has a low coefficient of thermal expansion and high thermal conductivity.
both of which reduce the stresses developed by temperature changes (1) .
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Unfortunately, the potential usefulness 9f this steel is limited by irradiation-induced embrittlment which causes an increase in transition temperature (Tb) and a lowering of the Charpy V-notch upper J shelf energy (S). It is believed that any improvement in Tb will delay the effects of any irradiation ~nduced increase in Tb. A refinement in the martensite structure is a potential method of improving the alloy's initial toughness. Previous work on 9-12 Ni steels by has produced a successful technique for improving Tb. The procedure involves multiple thermal cycles into the austenite phase field to refine the martensite packet structure. The application of this type of heat-treatment to BT-9 is the purpose of this research.
The commonly specified heat treatment for HT-9 consists of an austenitizing treatment at 1020-1070°C for 30 minute~ followed by a temper between 6S0-800°C for 0.5 to 2 hours (10). Previous research on BT-9 has shown that this heat treatment does not optimize the strength and toughness of this alloy (11) . Chin has shown that a particular microconstituent, delta-ferrite, is detrimen.tal to toughness and Tb.
From examination of the equilibrium phase diagram ( Figure 1 ) it is apparent that this alloy should transform entirely to austenite upon cooling below 1300°C. In practice, some delta-ferrite grains fail to transform and persist to low temperatures. This is due to a slight inhomogeneity in the distribution of the Cr and Mo, both of which are strong ferrite formers (1) . At the interface of this ferrite and the matrix a continous film of carbides forms and causes a decrease in toughness (11) •. Chin studied the effect of austenitization temperature on the volume percent of delta-ferrit·e and interfacial carbides. ·•·· ...
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He found a large reduction in these microconstituen.ts at 1100°C which corresponded to an improvement in toughness and Tb.
Optical metallography of the as-received plate researched here,
showed that it did contain long stringers of delta-ferrite and the associated interfacial carbides (Figure 2 ). Based on this information, an austenitization treatment of 11Q0°C for 30 minutes (designated as treatment A) was selected as a baseline. Next, a second 30 minute austenitization treatment at 1100°C was added in an attempt to refine the martensite and carbide structure. This is designated as treatment AA.
Since grain growth is fairly rapid at 1100°C (11) it is important to minimize the time spent there. However, at 1050°C grain growth is much slower; therefore it was decided that a second austenitizing treatment of 1050°C for 30 minutes (designated as treatment A') would be examined .and is designated f:Pecimen AA'. The effect of three austenite transformations was examined by applying an A treatment followed by two A' treatments (specimen AA'A'). In all cases the samples were allowed to air cool and given a temper at 700°C for 2 hours at the completion of all austenitization treatments. The various heat treatments are shown schematically in Figure 3 . 
EIPERIJIENI'AL PROCEDURE
A. Material
The alloy tested was HT-9 from ESR Heat #9607RZ of nominal 
B. Heat Treatment
Heat treatments were performed on samples cut from the plate as shown in Figure 4 . These were sealed in stainless steel bags to reduce high temperature oxidation. Sample temperatures ·were monitored with a thermocouple and all heat treatment times were taken after the samples had reached the appropriate temperature. At the completion of each treatment the samples were removed from the steel bags and allowed to air cool. Since this material will be used in thick sections it was believed that air cooling would most closely simulate actual practice and it was selected for this reasoning over a faster quebch.
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Optical examination of the as-received and heat treated material was made on a Carl Zeiss Metallograph. Specimens were cut in the longitudinal and transverse orientations from the as-received plate and from Charpy bars for the various heat tr_eatments. They were mounted in X:oldmount and ground to 400 grit with water cooling. Next, they were hand polished on Al 2 o 3 paper to 0000 and then with diamond polishing paste to 1~m using kerosene for lubrication. Polishing times were kept to a minimum so that carbides present would not be lost. The heat treated specimens were etched using Viella's reagent (150 ml Ethyl
Alcohol, S ml HCl, 1 gram picric acid) for 30 to 60 seconds. In addition, a decorating etch (80 ml H 2 o, 20 ml HCl, 2 grams ammonium biflouride, 1 gram potassium metabisulfide) was used on as-received to highlight the delta-ferrite by color staining the interfacial carbides (11) . Etching times for this solution were from 15-45 seconds.
D. Grain Size Determination
The prior austenite grain size of all four heat treatments was determined using micrographs taken at SOX. Grain areas were digitized from eight micrographs of each treatment using a CALCOMP 9000 Digitizer.
These data were then analysed to give mean grain diameters and standard deviation. The distribution of grain areas is plotted in Figure S and the grain size data are given in Table 2 .
The following procedure was used to extract precipitated carbides for TEM examination. Optical specimens from each heat treatment were etched for 1 minute with Viella's reagent. Next, a thin carbon film was deposited under vacuum of 10-4 torr. The deposited film was then scored with a grid of 2 mm squares and the specimens were submerged in Viella's reagent. As the carbide squares released from the surface they were collected on 200 mesh, 3 mm copper grids. The films were then rinsed thoroughly with ethyl alchohol and allowed to dry. Specimens were then examined at 100kV using a Phillips EM 301 Microscope.
F. Scanning Electron Microscopy
The fracture surfaces of the impact and tensile specimens were examined in a scanning electron microscope. The microscope used was an ISI-DS130 and was operated at 20kV.
G. Charpy Impact Testing
After heat-treatment, standard V-notch Charpy specimens (ASTM Type A. 11) were cut from the samples, machined and ground ( Figure 6 ). The specimens were next notched to a depth of 2 mm and fatigue pre-cracked an additional 1 mm. The specimens were broken using a Charpy impact test machine with a. 60 lb (27.3 Kg) hammer. Specimens were submerged in liquid baths of constant temperature for a minimum of 15 minutes. They provide a very long. low energy crack path and lead to areas of intergranular fracture. Elimination of these grain boundary films will force fracture to occur more through translath cleavage and less along prior austenite grain boundaries. Since the lath structure is much finer than the prior austenite grain size. the crack is forced to change directions more often. leading to improved toughness.
Mechanical Properties
The mechanical properties were characterized through Charpy impact testing and uniaxial tensile tests. A summary of the tensile data is presented in Table 3 . along with the data published by Smidt et.al (5).
A comparison of the A and AA' specimens shows that the effect of a second austenitizing treatment is a marginal increase in 0.2, yield strength and ultimate tensile strength along with nearly equal elongation. It is also of interest to compare the BT-9 studied in this research with the Smidt values. The higher yield and tensile strength of our HT-9 can be attributed to two processing variables: 1) the austenitization temperature. and 2) the amount of tempering. The 1100°C austenitizing temperature dissolves carbides more effectively which increases the carbon content of the martensite and raises its hardness.
Increased tempering (higher temperature, longer time) would reduce the strength of this alloy to a level closer to that published by Smidt.
-If the strength of this alloy is reduced through additional tempering, the toughness and Tb should increase accordingly (13) . Therefore any improvement in toughness, without loss of strength, should also exist at lower strength levels.
Fatigue pre-cracked Charpy impact tests were performed on A and AA' specimens at 0°C, 20°C, S0°C, and 100°C. In addition, AA and AA'A' specimens were t~sted at 0°C, 20°C, and S0°C. The results of these tests are given in Table 4 . A plot of the A and AA' results is included as Figure 13 . These data show that the second austenitizing treatment has noticeably improved the toughness of this steel. The 40 Joule transition temperature is improved by 2S°C and the toughness at 100°C is improved by 15~. This effect is believed to be due to the finer martensite structure and associated carbide structure, as was observed in the studies of the carbide extraction replicas and optical microstructure. Figure 14 The toughness of this alloy is determined primarily by two microstructural parameters: the prior austenite grain size and the martensite/carbide structure. Previous research on HT-9 has shown that an increase in the prior austenite grain size causes a decrease in impact toughness (13) . However, a refinement of the martensite/carbide structure improves toughness, as seen in specimen AA'. It should be noted that the grain size has increased (Table 2) treatments ( Figure 14) . This is consistent with the theory that a second austenitizing treatment improves toughness but that increased grain size decreases it.
Fracture Surface Analysis
The fracture surfaces of the tensile and Charpy specimens were examined using a scanning electron microscope. This was done in order to characterize the fracture mode and examine the micro-features of the fracture. In the case of the tensile specimens the fracture was almost com-pletely ductile rupture in all cases (Figure 15 ). Some areas of cleavage were seen between ductile regions but the amount was small. In addition, there is considerable secondary cracking of prior austenite grain boundaries especially in the singly transformed specimens. This indicates the general weakness of these interfaces.
The Charpy fracture surfaces for all heat treatments and test temperatures were examined. At 100°C the fracture mode is one composed primarily of ductile-dimple rupture with some areas of translath cleavage. At this temperature there is a slight difference between the A and AA' treated specimens. The AA' specimens showed fewer areas of cleavage and in the ductile regions they showed more deformation prior to failure (Figure 16 ).
In 1) The ductile-to-brittle transition temperature of HT-9 was improved by 25°C through the application of two austenitization treatments. In addition, the upper shelf impact toughness was improved by 15'. These improvements are the result of two microstructural changes:
1) refinement of the martensite structure and 2) a more uniform distribution of precipitated carbides.
2) Application of a third austenitization treatment does not improve on the mechanical properties achieved by two austenitization treatments. 
